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Abstract 
The problem of the software support for radionuclide vertebroplasty has been considered in general. Requirements to systems of preoper- 
ative preparation and postoperative analysis are described. The subject area (the vertebra operated on and its vicinity) is modeled using CT 
scans: a) precisely, based on voxel representation and b) approximately, for use in online interactive calculations. The voxel model is made 
in two versions: for dose and temperature calculation. The MCNP code is used for dose calculation. The emitter radionuclides were selected 
in serial calculations; and the best “candidates” have been identified for application in this procedure based on a set of characteristics. A 
code was developed for solving online both the “direct” problem (dose field calculation in the vicinity of the bone cement delivered with 
the preset radionuclide activity) and the “inverse” problem (calculation of the required radionuclide activity to be delivered in a specific 
localization close to the cement “kernel”). The temperature fields caused by polymerization of the bone cement have been calculated by 
means of thermal-hydraulic codes used in nuclear reactor design; these codes have been adapted for use in vertebroplasty based on the 
conducted problem-oriented experiments. Using internationally adopted methodologies for assessing the synergistic effects of radiation and 
heating on tissue, beam impact “enhancement ratios” have been obtained, and areas of radical and palliative therapeutic effects for the given 
vertebroplasty conditions have been defined. A beta-version of the code for the radionuclide vertebroplasty planning has been created based 
on calculated and experimental data. 
Copyright © 2016, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by 
Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
Keywords: Radionuclide vertebroplasty; Synergism of irradiation and heating at bone cement polymerization; Voxel models; Codes for dose and temperature 
computation; Radiation therapy planning. 
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Bntroduction 
Vertebroplasty (VP) is a minimally invasive procedure to
trengthen the spine affected by metastases or fractures [1] .
his operation is needed by many oncologic patients who
ave lost mobility. Bone cement (polymethyl-methacrylate) is∗ Corresponding author at: Obninsk Institute for Nuclear Power Engineer- 
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452-3038/Copyright © 2016, National Research Nuclear University MEPhI (Mos
.V. This is an open access article under the CC BY-NC-ND license ( http://creatielivered into the metastatic cavities during the operation as
he result of which the patient becomes capable to move again
nd has the quality of his life improved drastically. Radionu-
lide vertebroplasty (RNVP) suggests that a radionuclide is
ntroduced into bone cement, which ensures that metastases
re suppressed near the cement “kernel” and the pain syn-
rome is relieved. Besides, the synergism of irradiation and
eating (when the cement is polymerized in the target verte-
ra) provides ground for reducing the activity delivered thus
utting the risks for the patient’s critical organs and tissues
nd decreasing the exposure dose for personnel when RNVP
s prepared for and administered. 
For a number of years, an integrated research has been
onducted on the basis of Simulation Systems Ltd., an ex-
erimental research and methodology center, to justify andcow Engineering Physics Institute). Production and hosting by Elsevier 
vecommons.org/licenses/by-nc-nd/4.0/ ). 
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o  practically implement this new oncologic disease treatment
method. Concentration of expert efforts is required in the
field of radiation physics, fluid hydraulics, chemistry, radi-
ology, programming and, primarily, neurosurgery. The core
of the team of experts is composed of highly professional
staff and hopeful youngsters, including corresponding mem-
bers of the Russian Academy of Sciences, three doctors of
science, three candidates of science and two post-graduate
students. The results of the team’s work were published in
science magazines and presented in reports at international
and Russian conferences [2–5] . 
An essential component of the conducted research is to
create, debug and test the software for the RNVP irradiation
planning and dosimetric support. 
Requirements to software 
Software is an indispensible component of present-day de-
vices and technologies for high-tech medical applications. The
following major requirements to the RNVP software may be
formulated based on the general philosophy of beam therapy
and the peculiarities of this procedure. Implicitly, these re-
quirements shape the tasks the software is expected to solve.
With neurosurgical, orthopedic and other medical aspects of
the VNRP problem taken out of the context, we shall focus
on the existing radiation and thermal effects, on the syner-
gism of these and on the issues of dosimetry. The program
is expected to be capable to read and interpret CT files (pre-
operatively, the software reconstructs the 3D metastasis area
and computes the needed quantity of cement to be delivered,
and, postoperatively, it reconstructs the actually filled area and
computes the actually delivered amount). 
The preoperative support is based on a combination of two
approaches: 
- dose fields are calculated in the cement delivery area based
on the preset activity of the radionuclide in the bone ce-
ment (a direct task); 
- initial data for the operation are calculated based on the
preset therapeutic dose in a particular localization in theFig. 1. A 3D reconstruction of the vertebra voxel models obtained based on CT fil
“+ ” – cement-filled “cavity” far from the spine column; “–“ – unfilled cavity neavicinity of the delivered cement, including the cement
amount delivered and the activity of the radionuclide (of a
combination of radionuclides) with the effects on the sur-
rounding healthy tissues, including critical organs, being at
a tolerable level (an inverse task). 
The postoperative support (the direct task) suggests that
he effective dose field is calculated and the beam effects
n the surrounding tissues and healthy organs are assessed
ith regard for the actually cement-filled area and the known
mount of introduced activity. 
ose field calculation 
Small optical dimensions of the subject area and a low
ensity of its materials define the selection of the key code
or the dose field calculation (MCNP [6] ). 
The subject domain’s geometrical model is implemented
n two versions: as a precision voxel model [4] ( Fig. 1 ) and
s a simplified basic-geometry model (in the form of a sphere
r a cylinder). The precision model is intended largely for the
ostoperative dose field calculation and to assess the postoper-
tive effects. The simplified model is used for the operational
rradiation and dosimetry planning. 
The efficient use of simplified geometrical models, instead
f “expensive” voxel models, is pretty well justified by the
pecific nature of the task. The radionuclide is introduced into
he bone cement for the purpose of injuring radiologically the
etastatic cells in the immediate vicinity of the cement-filled
cavity” (the vertebral body region affected by metastases).
etastatic cells die when the dose is 60–100 Gy. But the af-
ected region may be immediately adjacent to the spinal canal
hat contains the spinal cord, blood vessels, nervous roots, and
atty tissue. Despite the fact that these organs and tissues are
ather highly radioresistant, the cement radionuclide radiation
ffects may be harmful. 
The following solutions stem from this brief description of
he task’s specific features. A radionuclide (a low-energy β-
r γ -emitter) shall be used that allows avoid overexposure ofes (left – for dose field calculation, right – for temperature field calculation); 
r the spine column. 
A.V. Levchenko et al. / Nuclear Energy and Technology 1 (2015) 37–42 39 
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b  ritical organs and tissues. Such emitter possesses a “prox-
mity effect” which decreases greatly the role of the subject
rea geometry (the dose field characteristics are affected by a
mall area in the vicinity of the source). When the “cavity”
s rather far from critical organs and tissues, a simplified ge-
metrical model (a sphere or a cylinder) or a simplified dose
alculation model (dose inter- or even extrapolation at the ref-
rence points the dose values for which are already available)
re perfectly applicable. 
And if the “cavity” is in the immediate vicinity of the
pine canal, beam effects shall be optimized to reduce the
ose and improve their computation accuracy. It is reason-
ble that precision models shall be primarily used: that of the
ubject area (e.g., a 3D voxel model) and the Monte Carlo
ethod providing for the accurate simulation of the radiation
ransport. 
The precision model and the simplified model have differ-
nt applications: the latter is used predominantly for interac-
ive online preoperative estimation and optimization, and the
ormer is used for “complicated” scenarios involving the risk
f healthy tissues to be overexposed, as well as for the post-
perative update of the dose estimates. The labor inputs for
he precision model and for the simplified model are incom-
ensurable (the time expenditures differ by a factor of about
0 4 to 10 6 ). 
In any case, one shall take into account the synergism
f the metastasis irradiation and the subject area heating as
he result of the bone cement polymerization, which reduces
he required damaging dose value and, accordingly, the beam
ffects on sound tissues. f  
Fig. 2. Dose distribution in the spherical cement “kernel” andBoth the precision voxel model and the simplified model
re also used to calculate the temperature fields formed
s the result of the bone cement polymerization. It should
e noted that voxel models used for the dose and tem-
erature field calculation are based on different principles
different levels of detailing, different dimensionality and so
n). Fig. 1 presents examples of voxel phantoms. 
The range of applicable radionuclides was determined
hrough a series of dose field calculations. The selection was
ased on the following major assumptions: 
- a relatively small energy of γ -radiation (predominantly β-
emitter); 
- an admissible half-decay period ( ∼ dozens of hours); 
- accessibility. 
At the present time, the key candidate radionuclides are
53 Sm и 188 Re (predominantly β-emitters), as well as 125 I,
n auxiliary “soft” γ -emitter for the dose curve modification
see below). Fig. 2 presents a spatial distribution of the dose
reated by the radionuclide uniform distribution in a cement
phere with a radius of 1 cm (see [2] ) (a radionuclide for
88 Re and 125 I). Both emitters shown in the figure possess the
proximity effect” but to a different extent: the 188 Re radia-
ion dose decreases by a factor of about 2000 at a distance of
 mm from the cement “kernel”, and the 125 I radiation dose
ecreases by a factor of about 6. It is clear that such pecu-
iarities of the dose gradient in the vicinity of the source may
e used to optimize the nuclide composition for the problem,
or example, in a definition as follows: to ensure the required its vicinity for 188 Re ( β-emitter) and 125 I ( γ -emitter). 
40 A.V. Levchenko et al. / Nuclear Energy and Technology 1 (2015) 37–42 
Fig. 3. Distribution of the temperature maximum in the vertebra body bone tissue at different distances from the bone cement surface. 
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n  dose value in the preset localization with the smallest possi-
ble cement activity by varying the content of 188 Re and 125 I
in the delivered cement. 
Temperature field calculation 
A 3D non-steady-state calculation of the temperature in the
vertebra with a coaxial cylindrical cavity, being filled in by
bone cement, was conducted using the KANAL and STAR-
CD codes [5] . The experimental results, as described in the
same paper, were used to verify the calculation models. 
To estimate the bone tissue warm-up, the heat release was
measured both in a model experiment with a pan and im-
mediately in the isolated vertebra, and a computational appa-
ratus was developed and approved to simulate thermal pro-
cesses. The respective computational technology is based on
the KANAL and STAR-CD codes, used for thermal-hydraulic
calculations of nuclear and other plants, having been adapted
to the tasks of local tissue warm-up in the process of the bone
cement polymerization. The calculation result is a spatial and
time temperature distribution in the vertebra and around it. A
major problem is to make an adequate choice (selection) of
the boundary conditions for each particular task. 
Fig. 3 presents a comparison of the calculated and experi-
mental results for a real vertebra which demonstrate the ade-
quacy of the non-steady-state temperature field computational
simulation using modified thermal-hydraulic codes. 
Thermal-hydraulic codes cannot be performed online be-
cause of requiring quite a lot of time even in the event of a
simplified geometrical model. ynergism of irradiation and heating 
The tumor growth is suppressed (stopped or limited) by a
ombination of local hyperthermal effects (at a temperature of
1 to 60 °C) on the tumor growth and local irradiation focus.
The STAR-CD code was used to obtain 3D spatial and time
emperature distributions in a vertebra with cylindrical cavities
f different volumes filled with bone cement. Based on the
esults obtained and on Overgaard’s formula [7] , it is possible
o identify the effect from the delivery of bone cement with a
adionuclide, depending on the cavity volume and the distance
rom the cement surface. Overgaard’s formula was used in the
ollowing form: 
 E R = 1 + τ · exp (0. 966 · t − 44. 79) , (1)
here TER is the dose thermal enhancement ratio; τ is the
ffective time of thermal action, s ; and t is the bone tissue
emperature, °C. The TER shows by how many times the irra-
iation dose can be reduced thanks to the thermal action on
he tissue to achieve the same effect as in the event where
here is no thermal action. 
Fig. 4 presents the dependences of the effect on the amount
f the cement delivered and on the distance from the cement
kernel” boundary, that is, from the cement-filled area, since,
fter 4 ml of cement is delivered when 153 Sm is used, the tu-
or is expected to die altogether at a distance of 3.2 mm from
he cement boundary, and the palliative effect is expected at a
istance of 4 mm. When the diagrams were plotted, two dose
alues (60 and 20 Gy) were considered. The former leads to
ecrosis, and the latter gives a palliative effect. Where the
A.V. Levchenko et al. / Nuclear Energy and Technology 1 (2015) 37–42 41 
Fig. 4. Synergistic effect from irradiation and local heating when 153 Sm (left) and 188 Re (right) are used. 
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Xose was less than 20 Gy, it was assumed that no effect was
bserved. Despite the fact that doses of below 20 Gy are used
n practice, it was assumed that such doses would not be of
ny effect in the given case. All effects were achieved when
he total radionuclide activity was 100 mCi; this is the average
ctivity used in radiosurgery. 
oftware apparatus 
nteractive dose and activity calculation (one radionuclide) 
A prototype of an interactive program was built for each
f the selected radionuclides to determine the radionuclide’s
pecific and total activity required to ensure the preset dose
t a given distance from the cavity with bone cement. 
Input: radionuclide ( 153 Sm or 188 Re); size of the spherical
avity containing cement with the radionuclide ( R ); required
ose ( D ); distance from the cement surface ( r ). 
Output: required total activity ( A ); required specific activity
 a ). 
The program algorithm is based on the interpolation of
he spatial dose distribution preset in the form of tables and
alculated in advance. 
The program permits both the direct problem and the in-
erse problem to be solved with the dose in the preset local-
zation determined based on the delivered activity. The result
f the program execution in such task definition is the dose
ate at the initial time and the total dose. 
nteractive dose and activity calculation (two radionuclides) 
With two radionuclides selected (e.g. 188 Re and 125 I), the
ctivity is minimized and the required dose is ensured in the
ssumed task geometry. The program algorithm is based on the “sliding admission
ethod” (SAM) [8] modified for solving the task at hand. 
SAM (“search using a deformed polyhedron with arbitrary
estrictions”) is one of zero-order optimization methods mak-
ng it possible to do without calculating the minimized func-
ion derivatives. This method is rather versatile and can be
sed, in principle, to solve optimization problems in such
eneral definition as possible: to find 
in F 0 (X ) , X = { X 1 , X 2 , ..., X m } 
ith fulfilling at the minimum point X ′ = arg min F 0 (X ) the
onditions 
 i = 0 (i = 1 , ..., m) ; F i ≥ 0 (i = m + 1 , ..., p) . (2)
Here, F i (i = 1 , ..., p) are the functionalities of the radia-
ion field that appear in the optimization problem: 
 i = 
∫ 
V 
dr 
∫ 

d
∫ 
E 
dE ϕ(r, , E ) · δi (r, , E ) . (3)
Expression ( 3 ) uses δi (r, , E ) , the functions that define
he rules for the formation of the F i functionalities. 
In the problem statement, X = { X 1 , X 2 , ..., X m } is the set
f the optimization problem variables (“point”). In the given
odified program version, these are specific (or total) deliv-
red activities of two radionuclides. Restrictions ( 2 ) in the
iven SAM version are, first, the equality-type restriction 
 i = D − D 0 = 0, (4) 
here D 0 is the required dose value; and D is the current dose
alue calculated in the optimization, and, second, a “natural”
estriction on the negativity of variable activities: 
 1 ≥ 0, X 2 ≥ 0. (5) 
42 A.V. Levchenko et al. / Nuclear Energy and Technology 1 (2015) 37–42 
Fig. 5. RaVerS program run flowchart and screenshot. 
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[  Beta-version of the planning program 
The program RaVerS (Radionuclide Vertebra Synergism)
uses a philosophy based on the following: 
- use of the prepared databases (spreadsheets) for the online
dose and temperature interpolations to ensure an interactive
operating mode; 
- active involvement of the radiologist in the RNVP opera-
tion planning; 
- a combination of efficiency (use of the prepared spread-
sheets instead of precision radiation transport and fluid
hydraulics calculation) and the sufficient accuracy of the
calculation coordinated with the voxel phantom resolution;
this resolution is defined by the CT image resolution; 
- capabilities for preoperative application defining the RNVP
operation scenario and for postoperative application (to
shape a further treatment scenario). 
Fig. 5 presents the running flowchart and a screenshot of
the RaVerS program. At the model initialization stage, data is
loaded from thermal-hydraulic and dose databases; this data
represents a set of spreadsheets with precomputed temperature
and dose parameters depending on the radius from the heat
(radiation) source and its volume. 
At the next stage, the user selects tomographic images to
be loaded to manually identify the area with metastases on
for the subsequent synergetic effect calculation. The user wille provided with the visualization of the calculation data at
he closing stage. 
The synergistic effect (“dose enhancement”) was deter-
ined as follows (see ( 1 )): 
 = D · T E R, T E R = 1 + τ · exp (0. 966 · t − 44. 79) , (6)
here τ is the effective time of the temperature action (the
ssumed value is 5 min), s; t is the temperature acting for the
ime τ , °C; D is the absorbed dose, Gy; and E is the effective
“enhanced”) dose, Gy. 
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